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The present invention relates in general to a capacitor feedback circuit, 
designed to behave like a capacitor but without certain drawbacks of a real capacitor. The 
present invention is specifically useful in a linear voltage regulator for use in an electronics 
device designed for low power consumption, typically battery-powered devices, such as for 
5 instance a mobile telephone. Therefore, in the following, the invention will be specifically 
explained for such application. However, it is noted that this explanatory application is not to 
be understood as limiting the use of the present invention, as the present invention can be 
used in various applications. 

Generally speaking, a linear voltage regulator is a device capable of converting 

10 a primary supply voltage, which may exhibit noise and/or voltage fluctuations, into a 

secondary supply voltage which is substantially free from noise and voltage fluctuations, the 5 
secondary voltage level being ideally independent of load impedance, so that the secondary 
voltage can be used as input supply voltage for electronic components such as integrated 
circuits (ICs) in an electronics device. 

15 . Fig. 1 A schematically illustrates the general design of a voltage regulator 10, 

having an input terminal 1 1 for receiving an input supply voltage Vin, and an output terminal 
12 for providing stabilized output voltage Vout- The regulator 10 comprises a controllable 
current transfer means 13, illustrated as a FET having a first terminal 13a connected to input 
1 1 and a second terminal 1 3b connected to output 12, for providing the required output 

10 current from the input voltage. Said current transfer means 13 has a control terminal 13c 

receiving a control signal from an operational amplifier 14, which generates its output signal 
on the basis of a comparison between the output voltage Vout and a stable reference voltage 
Vref, for instance a band gap. In the example as shown, when the FET is implemented as 
n-type (e.g. NMOS), the amplifier 14 has a non-inverting input 14a connected to reference 

15 voltage VREF,and an inverting input 14b coupled to the output terminal 12 through a 

feedback loop 15, comprising two resistors 15a and 15b connected in series. If the output 
voltage drops, due to increased output current consumption, the amplifier 14 will control said 
current transfer means 13 to increase the current towards the output 
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A set of ICs to be powered by the stabilized output voltage Vout are indicated 
at 16, representing a load for the regulator 10. 

Generally, the regulator is a general purpose regulator, intended for use in 
many different applications, so that the number of circuits to be powered, as well as their 
5 type, depends on the actual application and is not known beforehand. In that case, the load 
impedance may vary. In any case, during operation, the amount of current drawn by the load 
may vary, which implies that the effective impedance of the load may vary. As is typical for 
devices comprising a feedback loop, they are sensitive to the output load impedance in that 
resonance may occur. Therefore, in order to assure stability of the regulator, a load capacitor 

10 17A is connected to the output 12. As is clear to a person skilled in the art, this load capacitor 
17A should define a dominant pole in the frequency characteristic of the regulator, so the 
capacitive value as seen by the output 12 should be relatively large. 

For implementing the load capacitor, there are basically two options. A first 
option is to connect an external capacitor to the output 12, as illustrated in Fig. 1 A. This 

15 option has some disadvantages. For a correct functioning of the regulator, the external 

capacitor should have a value specified by the manufacturer of the regulator, but in practice it 
is the user who will select the capacitor; also, availability of the capacitor having the 
specified value might be a problem. Further, capacitors have a parasitic resistance, which 
may vary from capacitor type to capacitor type, and the stability of the regulator is sensitive 

20 to the resistance value of the external capacitor. 

Therefore, an alternative option is to use an internal capacitor integrated in the 
regulator chip. This solution is illustrated in Fig. IB, which is similar to Fig. 1 A, but external 
load capacitor 17A has been replaced by an internal load capacitor 17B connected between 
the output terminal 12 and the feedback input terminal 14b of the comparator 14. 

25 A problem associated with internal capacitors integrated in a chip is the fact 

that a capacitor occupies a relatively large chip area, proportional to the capacitive value of 
the capacitor. This problem is mitigated by the well-known Miller-effect; briefly stated, the 
feedback capacitor 17B has an effective capacity equal to its intrinsic capacitive value 
multiplied by the gain of the loop connected in parallel from its output to its input, i.e., in the 

30 illustration of Fig. IB, the gain of amplifier. 14 in combination with the gain of the transfer 
means (FET) 13. 

The aboviS-c:rplaincd altsrnsrdvs solution of Fig. IB is kncvvH per se ? for 
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subsequent amplifier stages and an intermediate node between said two stages, and a 
feedback capacitor coupled between the amplifier output and said intermediate node. 

The feedback capacitor 17B can be considered as a capacitive device having 
an input 17Bin connected to output 12 and having an output 17Bout connected to a node 
5 within the amplifier 14 of the voltage regulator. Its capacitive behavior as seen at its input 
implies that the feedback capacitor 17B converts an AC input voltage to an AC output 
current, thus providing AC current feedback. A disadvantage of the design shown in said 
US-A-6.084.475 is that the output terminal of the feedback capacitor is connected to a low- 
impedance node, more particularly the drain and gate of an NMOS FET connected as diode 

1 0 configuration, so that part of the feedback current generated by the feedback capacitor is lost 
to mass through this NMOS FET. Thus, for obtaining a desired effective feedback current, 
the feedback capacitor still has to be relatively large. Another disadvantage of the design 
shown in said US-A-6.084.475 relates to the fact that said NMOS FET is connected to a 
second NMOS FET in a current mirror configuration, and receives a bias current at its drain 

15 terminal. In order to charge the total gate capacitance of the mirror, an increased bias current 
is necessary, which is disadvantageous with a view to power consumption and dissipation. 
Further, part of the feedback current generated by the feedback capacitor is lost to mass. 

It is a general aim of the present invention to provide an improved capacitive 
feedback circuit in which the feedback current is used more efficiently. 

20 According to an important aspect of the present invention, an improved . 

capacitive feedback circuit comprises a feedback capacitor having its output terminal 
connected to a high-impedance node. Preferably, the impedance at this node is at least 
10 MQ. 

In a preferred embodiment, the improved capacitive feedback circuit 
25 comprises a first branch having a bias current source, an amplifying element, and a current 
sensor connected in series, the amplifying element having a high-impedance control terminal. 
The feedback capacitor has its output terminal connected to said control terminal. A current- 
to-voltage converting feedback loop has a high-impedance output terminal connected to said 
control terminal. 

30 

These and other aspects, features and advantages of the present invention will 
be further explained by the following description of a preferred embodiment of the capacitive 
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feedback circuit according to the present invention with reference to the drawings, in which 
same reference numerals indicate same or similar parts, and in which: 

Figs. 1 A and IB schematically illustrate prior art voltage regulators; 
Fig. 2 schematically illustrates a capacitive feedback circuit according to the 
5 present invention; 

JFig L 3 schematically iU^tratesa^ 

feedback circuit of Fig. 2; 

Fig. 4A-C schematically illustrate prior art input stages of a differential 

amplifier; 

10 Fig. 4D schematically illustrates an input stage of a differential amplifier 

according to the present invention; 

Fig. 5 A schematically illustrates a prior art output driver; 
Fig, SB is a simplified representation of the prior art output driver, 
Fig. 5C schematically illustrates a prior art output driver; 
1 5 Fig. 5D schematically illustrates a prior art output driver; 

Fig. 5E is a simplified diagram schematically illustrating an output driver 
according to the present invention; 

Fig. 5F illustrates an exemplary embodiment of the output driver according to 
the present invention; and 
20 _ Fig. 6 is a diagram schematically illustrating a voltage regulator according to 

the present invention. 



Fig. 2 schematically illustrates a capacitive feedback circuit according to the 
25 present invention, generally indicated by reference numeral 20, having a voltage input 
terminal 21 and a current output terminal 22. This circuit 20 can be used to replace the 
feedback capacitor 17B illustrated in Fig. IB. Capacitive feedback circuit 20 comprises a 
feedback capacitor 23, having a first terminal connected to input 21 and having a second 
terminal connected to a high-impedance node N. Preferably, the impedance at this node is at 
30 least 10 Mfi. Assume that the voltage level at the voltage input 21 is raised: this will cause an 
output current from capacitor 23 to flow into node N; due to the high impedance at node N, 

this CtUa^nC Will icsiilt iXL cl f Spid inC±<3&56 Ox tllS VGltSg© IdVSl clt node N. ASSUITIG that 5. Stoady 
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state, due to the high impedance at node N, the current flowing out of node N (towards an AC 
ground, i.e. any of the voltage supplies) will be very small, practically zero. 

Capacitive feedback circuit 20 further comprises a first branch 24 having a 
bias current source 25, an amplifying element 26, and a current sensor 27 connected in series 
5 between a first supply voltage V D and a second supply voltage V s having a lower voltage 
level than first supply voltage V D . The amplifying element 26 has a high-impedance control 
terminal 26c connected to said node N. The current sensor 27 is part of a current-to-voltage 
converting feedback loop 28, which has a high-impedance output terminal 28c connected to 
said node N. 

10 The amplifying element 26 is responsive to a varying voltage at its control 

terminal 26c to vary the current in first branch 24 accordingly. This is sensed by the sensor 
27, and through the feedback loop 28 a variation in voltage is applied to node N. The 
feedback loop 28 is designed such that the applied feedback voltage has a variation 
corresponding to variations in the input voltage at input 21, but having opposite direction, 
15 thus counteracting any voltage variation caused at node N by feedback capacitor 23. 

In the exemplary embodiment illustrated in Fig. 2, the current sensor 27 has an 
output 27c providing a current output signal I s which reflects the current I 27 through sensor 
27. The feedback loop 28 comprises an amplifier 29, having an inverting current input 29a 
connected to said current output 27c of the current sensor 27, and having a non-inverting 
20 input 29b connected to receive a reference current W- The amplifier 29 further has a voltage 
output 29c (high impedance) connected to node N. As an alternative, the current sensor 27 
may be a device generating an output voltage signal, and the comparator 29 may be a device 
receiving input voltages, but the design as described is preferred because the current 
consumption is typically lower. 
25 In the exemplary embodiment illustrated in Fig. 2, the current sensor 27 is 

connected between the amplifying element 26 and said first supply voltage V D , whereas the 
bias current source 25 is connected between the amplifying element 26 and said second 
supply voltage V s , while the output terminal 22 is connected to the node between the 
amplifying element 26 and the bias current source 25. In such a case, variations in output 
30 current Iout at output terminal 22 have a sign opposite to the sign of variations in input 
voltage Vin at input 21, as will be explained as follows. 

Again, assume that the voltage level at the voltage input 21 is raised: a 
resulting increase of the voltage level at node N will cause an increase in current l 27 and, 
since the sum of current l 27 and output current lour is equal to the constant bias current Ibias 
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as determined by bias current source 25, a corresponding decrease in output current lour. The 
increased current I27 will cause an increased sensor signal Is received by inverting input 29a 
of comparator 29, causing a lowering of the voltage at node N. 

Alternatively, it is also possible that the output terminal 22 is connected to the 
node between the amplifying element 26 and the current sensor 27; in such a case, variations 
. in output current Iout at output terminal 22 wilLhave a sign equal to the sign o£variations in 
input voltage Vm at input 2 1 , as will be clear to a person skilled in the art. 

Also, it is possible that the current sensor 27 is connected between the 
amplifying element 26 and said second supply voltage Vs, whereas the bias current source 25 
is connected between the amplifying element 26 and said first supply voltage Vr>, while the 
output terminal 22 is connected to one terminal of the amplifying element 26, as will be clear 
to a person skilled in the art 

Fig. 3 is a diagram showing in more detail an exemplary embodiment of the 
capacitive feedback circuit 20 of Fig. 2, suitable for implementation as an integrated circuit 

In the exemplary embodiment of Fig. 3, the amplifying element 26 is 
implemented as a first NMOS transistor 3 1 having its source connected to output terminal 22, 
and having its gate connected to said node N. It is noted that the amplifying element 26 may 
be implemented by a transistor of other type, for instance a bipolar transistor, but a MOSFET 
is preferred in view of the high impedance between gate and source/drain. It is further noted 
that the gate of first.NMOS. transistoi: 3 1 is_not connected to its source or its drain, in order to 
maintain the high impedance of node N. 

In the exemplary embodiment of Fig. 3, the bias current source 25 is 
implemented as a second NMOS transistor 32 having its source connected to second supply 
voltage V s , having its drain connected to output terminal 22, and having its gate connected to 
a source of accurate constant bias voltage V B ias- 

In the exemplary embodiment of Fig. 3, the current sensor 27 is implemented 
as a combination of two PMOS transistors 33, 34 connected in a current mirror configuration. 
More particularly, the current sensor 27 comprises a third PMOS transistor 33 having its 
source connected to first supply voltage V D and having its drain connected to the drain of the 
first NMOS transistor 31, and further comprises a fourth PMOS transistor 34 having its 
source connected to first supply voltage V& and having its gate connected to the gate and to 
the drain of third PMOS transistor 33. The drain of the fourth PMOS transistor 34 acts as 
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of the third PMOS transistor 33 will cause an equal or proportional current Is flowing in the 
source-drain path of the fourth PMOS transistor 34. 

In uie exemplary embodiment of Fig. 3, the amplifier 29 is implemented as a 
combination of two NMOS transistors 35, 36 connected in a current mirror configuration. 
5 More particularly, the amplifier 29 comprises a fifth NMOS transistor 35 having its source 
connected to second supply voltage V s and having its drain connected to the drain of the 
fourth PMOS transistor 34, and further comprises a sixth NMOS transistor 36 having its 
source connected to second supply voltage V s and having its gate connected to the gate and 
to the drain of fifth NMOS transistor 35. The drain of the sixth NMOS transistor 36 acts as 
10 output terminal 29c of the comparator 29, and is connected to said node N. The drain of the 
sixth NMOS transistor 36 also acts as the non-inverting input 29b of the amplifier 29, and 
receives a reference current I re f from a reference current source 37, which in this embodiment 
is implemented as a seventh PMOS transistor 37 having its source connected to first supply 
voltage V D and having its drain connected to the drain of the sixth NMOS transistor 36, and 
1 5 having its gate connected to a source of accurate constant reference voltage V re f. 

The present invention further relates to an input stage of a differential 
amplifier or comparator, such as the amplifier 14 of Fig. 1 A, receiving input voltage signals. 
Such input stage usually comprises two MOSFETs connected in parallel, having their sources 
coupled together, their respective gates constituting respective input terminals of the input 
20 stage. Sometimes it may be desirable that, in equilibrium, the.gain of thcdifferential stage is 
relatively low. To that end, it is known to degenerate the MOSFETs by including resistors in 
their source paths. A disadvantage of such prior art solution is, however, that the response 
speed is decreased, resulting in a bad AC behavior, especially a bad transient response. 

According to the invention, this problem is eliminated or at least reduced by 
25 arranging a non-linear resistor connecting the two sources of the two MOSFETs. 

Advantageously, this non-linear resistor may be implemented as a MOSFET biased to a 
constant gate voltage, as will be explained in the following with reference to Figs. 4A-D. 

Fig. 4A schematically illustrates part of a prior art input stage 40 of a 
differential amplifier, having a first voltage input terminal 41 and a second voltage input 
30 terminal 42. The input-stage 40 comprises a first NMOS transistor 43 and a.second NMOS 
transistor 44 having their sources connected together at a node X, and having their drains 
connected to respective loads 45, 46. A common bias current source 47, providing a bias 
current I B ias, is connected between said node X and a voltage reference V s . The transistors 
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43, 44 have their drains connected to respective loads 45, 46. Alternatively, embodiments 
with PMOS transistors are also possible, as will be clear to a person skilled in the art. 

Fig. 4B schematically illustrates a similar part of a prior art input stage 40' of a 
differential amplifier, where the sources are degenerated by taking up respective resistors 47, 
5 48 between said NMOS transistors 43, 44 and said node X in order to reduce the gain. The 

two jespectiveresistors 48,..49.have identical-resistance R. 

Fig. 4C schematically illustrates a similar part of a prior art input stage 40" of 
a differential amplifier, which has an equivalent behavior as the prior art input stage 40 f of 
Fig. 4B, but now the two NMOS transistors 43, 44 are connected to respective current 
10 sources 5 1 and 52, and a resistor 53 connects the two sources of the two transistors. The two 
current sources 51, 52 provide identical bias current Ibias/2. The resistor 53 has the double 
resistance 2R. 

As long as the input stage 40" is in equilibrium, the stage functions 
satisfactorily. However, if the input stage 40" is out of equilibrium, i.e. a relatively large 
1 5 voltage difference is present between the two inputs 41 and 42, the response of the stage is 
slow due to the reduced gain. 

Fig. 4D schematically illustrates a similar part of a input stage 50 of a 
differential amplifier, which has been improve according to the present invention in that the 
fixed resistor 53 has been replaced by a non-linear resistor 54. In the preferred embodiment 
20 ., shown, this nondinear resistor 54 is implemented as a third NMOSFET biased to a constant 
gate voltage. More particularly, NMOSFET 54 has its source connected to the source of the 
first NMOS transistor 43, has its drain connected to the source of the second NMOS 
transistor 44, and has its gate connected to a constant bias voltage Vbias* for instance 
provided by a band gap source, as will be clear to a person skilled in the art. 
25 In equilibrium, the input stage 50 according to the present invention behaves 

like the input stage 40" of Fig. 4C. If a voltage difference between the drain and source 
terminals of the third NMOSFET 54 is relatively small, the third NMOSFET 54 generates a 
current proportional to the voltage drop, i.e. behaves like a resistor with constant resistance. 
If a voltage difference between the drain and source terminals of the third NMOSFET 54 is 
30 - relatively large, such as for instance may occur in the case of a transient at one of the inputs, 
the third NMOSFET 54 generates a more than proportionally large current, i.e. has a reduced 
resistance, such that the input stage 50 behaves more like the input stage 40 of Fig. 4A ? 
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possible. Experiments show that it is possible to recover the target value of the output voltage 
with a precision of 5% or better within only 1 jis. 

The present invention further relates to an output driver stage of a voltage 
regulator. In practice, the voltage regulator is used to power device like ICs, of which the 
5 current consumption may vary during operation. In many cases, an increased load current 
may result in a decrease of the equivalent load resistance, which in turn results in a 
displacement of the dominant pole in the frequency characteristic of the regulator, which is 
undesirable. Another effect is that the gain of the last stage may be decreased. The present . 
invention proposes a solution to these problems by increasing the gain of the output stage in 

1 0 situations with increased output current, such that the gain of the FET driver is increased 
when the gain of the output stage decreases and the overall gain is maintained at a 
substantially constant level. To this end, the present invention proposes to provide the output 
stage with an output current sensor, and to feedback the sensed current to an input side of the 
output stage as a control for the gain of the amplifier, such that an increased output current 

1 5 corresponds to an increased gain as will be explained hereinafter with reference to Figs. 
5A-B. 

Fig. 5 A schematically illustrates a prior art design for an output driver stage 60 
of a voltage regulator, the driver stage 60 having a voltage input terminal 61 and a voltage 
output terminal 62. The driver stage 60 comprises a first PMOS transistor 63 having its 

20 source connected to a first supply voltage level V D , and having its gate connected to the input - ., .» 

terminal 61 . The driver stage 60 further comprises two NMOS transistors connected in 
current mirror configuration. More particularly, a second NMOS transistor 64 has its source 
connected to a second supply voltage level Vs, and has its drain connected to the drain of the 
first PMOS transistor 63. A third NMOS transistor 65 has its source connected to said second 

25 supply voltage level Vs, has its drain connected to a first bias current source 66 coupled to 
said first supply voltage level V D for generating a first bias current Ibiasi, and has its gate 
connected to the gate and to the drain of the second NMOS transistor 64. The driver stage 60 
further comprises a fourth or output PMOS transistor 67 having its source connected to said 
first supply voltage level V D , having its gate connected to the drain of the third NMOS 

30 transistor 65, and having its drain connected to the output terminal 62. An output load is 
indicated as a resistor R, drawing an output current Iload. In the example shown, the driver 
stage 60 is implemented as an inverting stage. 

An increase of the input voltage at input 61 will reduce the current through 
first transistor 63 , which is reflected by a similar reduction in the current through third 
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transistor 65. Thus, a larger part of the bias current Ibiasj will flow towards the gate of output 
transistor 67, resulting in a lowering of the output voltage at output 62. 

Fig. 5B is a simplified representation of the prior art output driver 60, in which 
the output transistor 67 is shown as being driven by an amplifier 68. In the following, the 
5 gain of this amplifier 68 will be indicated as a, whereas the gain of the output transistor 67 
will be indicated as y. Thus, the amplifier .68 prqvidesjrtjhe gate of the output transistor 67 a 
gate voltage aViN- The output transistor 67 provides an output current Iload 8=8 <*T Vin- 
Depending on the load impedance R, the output voltage Vout will have a value R-a-yViN. In 
other words, the voltage gain of the output driver 60 can be expressed as Vout / Vn* = R-cry. 

10 In a regulator, the output voltage Vout should be constant. Then, if the current 

consumption of the load increases, the product R-y will decrease. More particularly, such 
product is substantially proportional to the inverse square root of Lload. Such decrease will 
affect the closed loop regulation characteristic. 

Fig. 5C illustrates a first type of prior art attempt to provide a solution to this 

1 5 problem by tuning amplifier 68, as described for instance by R. Antheunis et al in "Simple 
Scalable CMOS Linear Regulator Architecture", poster session ESSCIR 2001. The tunable 
amplifier 68 is implemented by three transistors Tl, T2, T3 connected in series, and a current 
source Iref- Two operative conditions will be discussed. If the output current Iload is low, 
the input transistor T3 drives the current flowing through the output transistor 67 via the 

20 mirrpr/onned by . the output transistor 67. and the. first and second transistors, JJ and T2. JThe 

current flowing through these first and second transistors Tl and T2 is low. The reference 
current Iref is larger than the current flowing through the second transistor T2, which pinches 
the first transistor Tl . Virtually, only the mirror formed by the output transistor 67 and the 
second transistor T2 is active. 

25 If the output current Iload is high, the current flowing through the first and 

second transistors Tl and T2 is high. The reference current Iref is absorbed by the first and 
second transistors Tl and T2, and the first transistor Tl is no longer pinched. The 
combination of the first and second transistors Tl and T2 can now be regarded as one smaller 
transistor, and the gain of the circuit constituted by this smaller transistor and the output 

30 transistor 67 is increased. 

One disadvantage of this prior art approach is that the circuit is a feed-forward 
circuit. Tlis g&hi is tuudd vAuXOUl having iiifcrm^nojui on tfrs output cuiiciji Iload? ihs incuiod 
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Fig. 5D illustrates a second type of prior art attempt to provide a to the above- 
mentioned problem, as disclosed for instance in US-A-5.982.226. However, in fact said 
problem is not solved; only compensation is provided by increasing the speed at which the 
output transistor 67 is driven. An input transistor T4 has its source connected to the gate of 
the output transistor 67, thus driving the output transistor 67. A current sensing transistor Tl 
(smaller than the output transistor 67) also has its gate connected to the of the source input 
transistor T4. A third transistor T3 is connected in the source path of the input transistor T4, 
and is connected to a second transistor T2 to form a current mirror, the second transistor T2 
being connected in series with the current sensing transistor Tl. Current flowing in the 
current sensing transistor Tl is mirrored through said second and third transistors T2 and T3, 
and biases the input transistor T4. As a result, if the output current Iload increases, also the 
current in the branch T3/T4 increases and the large gate capacitance of the output transistor 
67 can be charged or discharged more easily. 

The present invention provides a driver stage which offers a solution to the 
above-mentioned problem, the solution being based on tuning amplifier 68, as described in 
the above with reference to the prior art solution of Fig. 5C, but now on the basis of a 
feedback method instead of the feed-forward method of Fig. 5C. Such inventive driver stage 
70 is schematically illustrated in Fig. 5E. The driver stage 70 according to the present 
invention is comparable to the prior art stage 60, but improved by comprising a current 

feedback loop 71 which is effective to reduce the impedance in the source line of the input 

transistor 63 in response to an increase of the load current In Fig. 5E, this current feedback 
loop 71 is shown as comprising an output current sensor Ts coupled to the output transistor 
67, and a controllable resistance Rd incorporated in the source line of the input transistor 63, 
this controllable resistance Rd being controlled by an output sense current Is provided by said 
output current sensor Ts. In the embodiment shown, the output current sensor Ts is 
implemented as a PMOS transistor having its source and gate connected in parallel to the 
source and gate of the output transistor 67, so that the source-drain current of this PMOS 
sensor transistor Ts is equal to or at least proportional to the output current Iload. Preferably, 
the output current sensor transistor Ts is sized smaller than the output transistor 67, so that 
the output sense current Is is smaller than the output current Iload- 

The operation is as follows. If the output current Iload is small, the output 
sense current Is is also small, and the controllable resistance Rd is controlled to a large 
resistance value. Thus, the input transistor 63 is degenerated by this resistance Rd, and the 
gain of the input transistor 63 is small. Conversely, if the output current Iload is high, the 
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output sense current Is is also high, and the controllable resistance Rd is controlled to a small 
resistance value. Thus, the degeneration of the input transistor 63 is decreased, and the gain 
of the input transistor 63 is increased. In a possible embodiment, the resistance value of the 
controllable resistance Rd is reduced to zero if the output current Iload reaches its ma x imum 
5 value. 

_ Thus, if the .outputcurrent Iload iucreases/4^^ iuput 

transistor 63 increases/decreases as well, such as to maintain the overall voltage gain 
Vout/Vin substantially constant. 

A further advantage of the driver design proposed by the present invention is 

10 that the current flowing through the input transistor 63 is substantially constant. As a result of 
this, the transconductance of the input transistor 63 will remain substantially constant when 
the output current Iload varies, and the tuning of the gain a only depends on the controllable 
degeneration resistance Rd. 

Fig. 5F shows in more detail an exemplary embodiment of the current 

1 5 feedback loop 71 and the controllable resistance Rd. The controllable resistance Rd 

comprises a resistance transistor Tr incorporated in the source line of the input transistor 63, 
which is connected to a bias transistor Tb in current mirror configuration. This bias transistor 
T B is coupled to a second bias current source 74 generating a second bias current Ibias.2. 

More particularly, a PMOS resistance transistor Tr has its source connected to 

20 . , . said.first supply-voltage level .Yd, andJias its.drain connected to the source.of the input . c , 
transistor 63. A PMOS bias transistor T B has its source connected to said first supply voltage 
level V D , and has its drain connected to said second bias current source 74 which is coupled 
to said second supply voltage level V s . The gates of the resistance transistor Tr and the bias 
transistor T B are connected to each other and to the drain of the bias transistor T B . 

25 The current feedback loop 71 comprises two NMOS transistors 77, 78 

connected in current mirror configuration, arranged to mirror the sensor output current I s 
towards the source of the input transistor 63. More particularly, an NMOS transistor 77 has 
its source connected to said second supply voltage level V s and has its drain connected to the 
drain of PMOS sensor transistor Ts. An NMOS transistor 78 has its source connected to said 

30 second supply voltage level V s , has its gate connected to the gate and to the drain of the 
NMOS transistor 77, and has its drain connected to a node P between the source of input 
transistor 63 and ilis driiiu. of r^sisi^iica transistor T*?. 
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sensor output current Is. If desired, NMOS transistor 78 can be made smaller than NMOS 
transistor 77, so that the feedback current If can be smaller than the sensor output current Is. 

If the output current Iload is small, the output sense current Is and hence the 
feedback current If are also small. As regarding AC signals, the source of the input transistor 
5 63 "sees" a resistance to AC ground (i.e. any of the supply lines) equal to the resistance of 
resistance transistor T R (which is substantially constant) in parallel to the resistance of 
NMOS transistor 78 (which is very high because NMOS transistor 78 operates in linear 
mode). 

If the output current Iload is high, the output sense current Is and hence the 

1 0 feedback current If are also high. The current flowing through input transistor 63 is 

substantially constant (being determined by first bias current source 66 and the current mirror 
64/65). The resistance of resistance transistor Tr is still substantially constant. The resistance 
of NMOS transistor 78, however, now is much smaller because of the increased feedback 
current I F (R=V/I, wherein V is the Early voltage, which depends on the technology that is 

15 used). Hence, the source of the input transistor 63 "sees" a reduced resistance to AC ground 
Fig. 6 schematically shows a circuit diagram of a voltage regulator 100, in 
which the above-described inventive stages are integrated on one circuit. The voltage 
regulator 100 has a voltage input terminal 101 and a voltage output terminal 102. An input 
differential amplifier is generally indicated with reference numeral 1 10. An input stage, as 

20 - described above with reference to Fig. 4D r is generally indicated with reference numeral 120.,. 
A signal input terminal 121 of this input stage 120, connected to the regulator input terminal 
101, connects to the gate of first input transistor 43, and a voltage feedback input terminal 
122 connects to the gate of second input transistor 44. The drain of first NMOS input 
transistor 43 is connected to the drain of a third PMOS input transistor 111, connected 

25 together with a fourth PMOS input transistor 1 12 in a current mirror topology. The drain of 
second NMOS input transistor 44 is connected to the drain of a fifth PMOS input transistor 
1 13, connected together with a sixth PMOS input transistor 1 14 in a current mirror topology. 
The drain of fourth PMOS input transistor 1 12 is connected to the drain of a seventh NMOS 
input transistor 115, connected together with an eighth NMOS input transistor 1 1 6 in a 

30 current mirror topology. The drain of sixth PMOS input transistor 1 14 is connected io the 
drain of eighth NMOS input transistor 1 16, and this node is an output node 1 19 of the input 
differential amplifier 110. 
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An output driver stage, as described above with reference to Fig. 5F, is 
generally indicated with reference numeral 130. The input terminal 61 of the output driver 
stage 130 is connected to the output node 1 19 of the input differential amplifier 1 10. 

A voltage feedback circuit, comprising a resistive voltage divider and 
5 represented here as a resistor 140, has its input terminal connected to output terminal 132 of 

the output driyex stage 130, and has its output tenmndj:oim^ feedback input 

terminal 122 of the input stage 120 of the input differential amplifier 1 10, in order to feed 
back towards the input of voltage regulator 100 a voltage signal representing the output 
voltage Vout of voltage regulator 100. 
10 A capacitive feedback circuit, as described above with reference to Fig. 3, is 

generally indicated with reference numeral 150. This capacitive feedback circuit has its input 
terminal 21 connected to output terminal 132 of the output driver stage 130, and has its 
output terminal 22 connected to the input terminal 61 of driver stage 130, in order to feed 
back towards the input of driver stage 130 a current signal representing the output voltage of 
15 voltage regulator 100. In this respect, it is noted that voltage regulator 100 has a two-stage 
design, comprising an input stage 110 and an output stage 130, and that the current feedback 
loop implemented by capacitive feedback circuit 150 is coupled to an inter-stage node 1 19/61 
between said two stages. It can be proven that such design provides better stability. 

It should be clear to a person skilled in the art that the present invention is not 
20 , limited to the exemplary embodiments discussed above, but that various-variations and 
modifications are possible within the protective scope of the invention as defined in the 
appending claims. 
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CLAIMS: 



16. «• **' 

1 . Capacitive feedback circuit, comprising: 

a voltage input terminal; . 
a current output terminal; 

a feedback capacitor, having a first terminal connected to input terminal and 
5 having a second terminal connected to a high-impedance node. 

2. Capacitive feedback circuit according to claim 1, further comprising: 

an amplifying element having a high-impedance control terminal connected to 

said node; 

10 a current sensor connected in series between said amplifying element and a 

first supply voltage; 

a bias current source connected in series between said amplifying element and 

a second supply voltage. 

15 3. Capacitive feedback circuit according to claim 2, wherein said current sensor 

"is partof a current-to-voltage converting feedback loopT which has a high-impedance output 
terminal connected to said node. 

4. Capacitive feedback circuit according to claim 3, wherein the current sensor 

20 has an output providing a current output signal, and wherein the feedback loop comprises a 
comparator, having one current input connected to said current output of the current sensor, 
having a second input connected to receive a reference current, and having a voltage output 
connected to said node. 



25 



5. Capacitive feedback circuit according to any of claims 2-4, wherein the output 

teiminal is connected to the node between the amplifying element and the bias current 
source. 
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6. Capacitive feedback circuit according to any of claims 2-4, wherein the output 
terminal is connected to the node between the amplifying element and the current sensor. 

7. Capacitive feedback circuit according to any of claims 2-6, wherein the 
amplifying element comprises a first transistor, preferably a MOSFET, having its gate 
connected to said node. . 

8. Capacitive feedback circuit according to any of claims 2-7, wherein the bias 
current source comprises a second transistor, preferably a MOSFET, having its source 
connected to second supply voltage, and having its gate connected to a source of accurate 
constant bias voltage. 

9. Capacitive feedback circuit according to claim 7 and 8, wherein the second 
transistor has its drain connected to the source of the first transistor. 

10. Capacitive feedback circuit according to any of claims 2-9, wherein the current 
sensor comprises a combination of two transistors, preferably MOSFETs, connected in a 
current mirror configuration. 

r .- -. Capacitive feedback circuit according to claim 7 and 10, whereinjthe. current 

sensor comprises a third transistor having its source connected to first supply voltage and 
having its drain connected to the drain of the first transistor, and further comprises a fourth 
transistor having its source connected to first supply voltage and having its gate connected to 
the gate and to the drain of the third transistor. 

12. Capacitive feedback circuit according to any of claims 2-9, wherein the 
comparator comprises a combination of two transistors, preferably MOSFETs, connected in a 
current mirror configuration. 

13. Capacitive feedback circuit according to. claim 1 1 and 12, whereinjthe 
comparator comprises a fifth transistor having its source connected to second supply voltage 
and huvina its ckain eoiiiieeied to die dmiii of ike fourth iransistor. and further comorises a 
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14. Capacitive feedback circuit according to claim 13, wherein the comparator 
further comprises a reference current source coupled to provide a reference current to the 
drain of the sixth transistor, and wherein the drain of the sixth transistor is connected to said 

5 node. 

1 5. Capacitive feedback circuit according to claim 14, wherein the reference 
current source a seventh transistor having its source connected to first supply voltage, having 
its drain connected to the drain of the sixth transistor, and having its gate connected to a 

10 source of accurate constant reference voltage. 

16. Voltage regulator comprising a capacitive feedback circuit according to any of 
the previous claims. 

15 17. Voltage regulator comprising: 

a voltage input terminal; 
a voltage output terminal; 

an input differential amplifier, comprising a differential input stage which 



20 



comprises: 



= a first series arrangement of a first transistor, preferably a MOSFBT, and a. . 



first current source; 

= a second series arrangement of a second transistor, preferably a MOSFET, 



and a second current source; 

= and a non-linear resistor having a first terminal connected to a first node 
25 between the first transistor and the first current source and having a second terminal 

connected to a second node between the second transistor and the second current source; 

said input differential amplifier having a signal input terminal connected to the 

regulator input terminal; 

an output driver stage comprising: 
30 • a voltage input connected to an output of the input differential amplifier; 

= a voltage output; 

= a current feedback loop feeding back a signal representative of the output 
current provided at said voltage output such as to effectively decrease the AC-impedance at 
said voltage input in order to increase the gain for AC signals; 
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voltage feedback means having an input connected to the regulator output 
terminal and having an output connected to a feedback input terminal of the input stage; 

and a capacitive feedback circuit according to any of the claims 1-15, having 
its input terminal connected to the regulator output terminal and having its output terminal 
5 connected to the input of the output driver stage; 

wherein said yoltage regulator further has one or more of the foUowing features: 

(a) the non-linear resistor comprises a third transistor, preferably a MOSFET, 

having its source connected said first node, having its drain connected to said second node, 
and having its gate connected to a constant bias voltage; 
1 0 (b) the first current source is connected between a source of the first transistor and 

a voltage reference; 

the second current source is connected between a source of the second 
transistor and said voltage reference; 

and said three transistors mutually are of the same conductivity type; 
1 5 (c) the output driver stage comprises: 

• an input transistor, preferably a MOSFET, having its source connected to a 

controllable impedance, and having its gate connected to the input terminal; wherein said 
controllable impedance preferably comprises: 

two transistors, preferably MOSFETs, connected in current mirror 
20 - ' - configuration, wherein a first one of said transistors has its -source connected to a first supply 
voltage level, and has its drain connected to a bias current source, and wherein a second one 
of said transistors has its source connected to a first supply voltage level, has its drain 
connected to the source of the input transistor, and has its gate connected to the gate and to 
the drain of the said first transistor; 
25 • an output transistor, preferably a MOSFET, having its source connected to a 

first supply voltage level, and having its drain connected to the output terminal; 
• current coupling means coupled between the drain of said input transistor and 

the gate of said output transistor; wherein said current coupling means preferably comprise: 
two transistors, preferably MOSFETs, connected in current mirror 
30 configuration, wherein one transistor has its source connected to a second supply voltage 
level and has its drain connected to the drain of the input transistor, and wherein the other 
transistor h^s its source connected to said second supply foliage le:/eL has i*g dnuu connected ' 



10 
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• an output current sensor associated with the output transistor, providing a 
sensor output current signal representing the output current; wherein the output current sensor 
preferably comprises a sensor transistor of the same conductivity type as the output transistor, 
having its source and gate connected in parallel to the source and gate of the output transistor, 

• a current feedback loop feeding back a signal derived from the sensor output 
current signal to control said controllable impedance; wherein the current feedback loop 
preferably comprises: 

two transistors, preferably MOSFETs, connected in current mirror 
configuration, wherein one transistor has its drain connected to receive said sensor output 
current signal and wherein the other transistor has its drain connected to the source of the 
input transistor. 
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ABSTRACT: EPO - DG 1 

1 6. 07. 2002 




An improved capacitive feedback circuit (20) comprises a feedback capacitor 
(23) having its output terminal connected to a high-impedance node (N). More particularly, 
the improved capacitive feedback circuit comprises a first branch (24) having a bias current 
source (25), an amplifying element (26), and a current sensor (27) connected in series, the 
5 amplifying element having a high-impedance control terminal (26c). The feedback capacitor 
(23) has its output terminal connected to said control terminal (26c). A current-to-voltage 
converting feedback loop (28) has a high-impedance output terminal (28c) connected to said 
feedback capacitor output terminal. 



10 Fig. 2 



PHNL020624 




PHNL020624 



4/8 




FIG.3 



PHNL020624 



5/8 



40 




FIG.4A 



V- |Q3 44 




FIG.4B 



40" 



| 4§ | 1 46 | 

♦L-jX X_i? 



51 



53 



50 



52 51 
1 /2lBIAsj^ 0| 1 /2lBIAS 1 /2lBIAs| 
J | VS 

FIG.4C 




FIG.4D 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ; 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




ACK BORDERS 



□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



□ FADED TEXT OR DRAWING 




LURRED OR ILLEGIBLE TEXT OR DRAWING 



